Using magnetic field and plasma data acquired with Cluster spacecrafts, we investigate the relationship between the field-aligned currents (FACs) at the plasma sheet boundary layer (PSBL) and solar wind dynamic pressure, as well as the interplanetary magnetic field (IMF) on 17 August 2001 storm. Our studies reveal that FAC density at the PSBL in the magnetotail in the storm time is controlled mainly by the solar wind dynamic pressure rather than IMF . The FACs at the PSBL are associated with the low-altitude region-1 current and have the same polarity as region-1 current in the dawn sector. In the polar region, the footprints of the FACs at the PSBL expand equatorward. The data analysis also shows that a very strong FAC with a density over 40 nA·m −2 appeared in this storm time when a substorm just occurred.
Field-aligned current (FAC) distributions over high latitudes have been the subject of numerous studies since initial satellite observations in the 1960s. [1, 2] One of the first large-scale statistical studies on the characteristics of FACs was undertaken by Iijima and Potemra, [3] using magnetometer observations from TRIAD satellite. They identified two regions of largescale FACs encircling the polar cap. Region 1 currents occur in a "ring" area centered on the convection reversal boundary that typically occur at magnetic latitudes 70
∘ -75 ∘ and flow into (out of) the ionosphere on the dawn (dusk) side. Region 2 currents are observed equatorward of the region-1 currents. FAC direction is persistent in the dawn and dusk sectors of auroral oval, whereas currents near noon at polar cusp latitudes are found to be strongly dependent on the interplanetary magnetic field (IMF) conditions. Later studies revealed that large-scale FACs are controlled by the IMF and solar wind. [4−7] Iijima et al. [8, 9] found that under northward IMF conditions, strong FACs exist in the polar cap. The currents are located at higher latitudes than the region-1 currents and flow in the direction opposite to the region-1 currents. The situation is more complex near noon. [10, 11] Some studies revealed that the IMF is important to determine the distribution of the FACs near the dayside cusp or the dayside polar cap at low altitudes. Yamauchi [12] studied the relationship between the IMF and cusp region FACs during quiet periods with magnetic data from Magsat, and found the IMF -dependent cusp region FACs are located at around 86 ∘ -87 ∘ invariant latitude local noon. Taguchi [13] studied the FACs near midnight auroral oval and found that the intensity of the current increases with IMF . Zhou et al. [14] found that IMF plays a very important role in controlling the flow sense of the FACs at high altitudes.
It is well known that FACs play an important role in the solar wind-magnetosphere -ionosphere coupling by transferring electric field, magnetic tangential stress, and energy. [15, 16] However, little attention has been paid to the effect of IMF and solar wind on the FACs at the PSBL. Most studies on the FACs were based on observations from low-altitude and polarorbiting satellites. Few studies investigated the FACs in storm time. Furthermore, so far, no studies have been reported on the relationship between the FACs at the PSBL in the storm time and solar wind. In this study, we pay special attention to the dependence of FACs at the PSBL under the solar wind conditions, i.e., under IMF and solar wind dynamic pressure. We used the four-point magnetometer measurements of Cluster to calculate the current by the "curlometer" technique. The Cluster including four spacecrafts has an apogee of 19.6 and an orbit period of 57 hours. From July to October each year the Cluster crosses the plasma sheet in the magnetotail. According to its orbit variation and period, the Cluster spends about 60 days crossing the PSBL each year. We found two storm times that included the Cluster ing the sudden commencement and the main phase, the Cluster was crossing the plasma sheet boundary layer in the magnetotail which corresponds to the period shown with gray color in Fig. 1(b) . The sudden commencement was so strong that the st reached as high as 50 nT. After the sudden commencement, the magnetic field decreased immediately within ten hours. We selected the FAC cases in the Cluster crossing and studied the relationship between the FAC density at the PSBL and IMF and solar wind dynamic pressure.
To select an FAC case, we used the following criteria. (1) We used the plasma (the ratio between the plasma thermal pressure and the magnetic pressure) to identify the PSBL, i.e., 0.01 < < 1 shows the Cluster is crossing the PSBL. [17] (2) The density of the FAC exceeds 2.4 nA·m −2 (1 nA·m −2 = 1.2566 pT/km). This is to keep from the current background noise and the errors resulting from the current calculation using the tetrahedron approximation. (3) The time interval between consecutive cases is more than 10 min. With these criteria, we found 26 FAC cases at the PSBL from the sudden commencement to the main phase of the storm (i.e., 0800:00-1700:00UT) on 17 August 2001. 
IMF
and the solar wind dynamic pressure are from the ACE satellite measurement, therefore, in Fig. 2 , the time delay is 48-76 min from the satellite to the magnetopause have been included in the analysis, according to the solar wind speed). From Fig. 2 , it can be seen that the FAC density was much disturbed from the sudden commencement to the main phase in the storm time).
In order to compare the FAC density in storm time with that in quiet time, we calculated the FAC densities with the selected 26 cases, and obtained a value of ∼8 nA/m 2 for the events observed on 17 August 2001. Compared to the most probable value of FAC density during quiet time, 3 pT/km to 4 pT/km (2.4-3.2 nA/m 2 ), [18] our results show that the FAC density was much enhanced during the storm time.
From Fig. 2(a) , we can see that the FAC density increased with the increasing solar wind dynamic pressure and decreased with the decreasing solar wind dynamic pressure. It indicates that the FAC density at PSBL had high correlation with solar wind dynamic pressure in the storm time. However, from Fig. 2(b) , we cannot find a good correlation between the FAC density and IMF . Our data show that the solar wind dynamic pressure is more important for the FAC density at the PSBL in the magnetotail. Wang et al. [7] studied the FACs in the topside ionosphere during a superstorm by the CHAMP observation (low altitude satellite observations). They found that the latitudeintegrated FAC density can be controlled mainly by solar wind dynamic pressure rather than by IMF.
We can see from Fig. 2 , from about 1625:00UT, the FAC density increases rapidly, the most intense FAC density exceeded 40 nA·m −2 . This coincides with a substorm occurrence. The FAC in the magnetotail is correlated with the FAC in the polar ionosphere. We mapped the FACs from the PSBL to the polar region. Figure 3 shows the mapping results with the Tsyganenko T96 model. The footprints mapped just inside the aurora zone.
In Fig. 3 , the red circle denotes the earthward FAC and the blue circle denotes the tailward FAC. Totally, there were 19 earthward FAC cases and 7 tailward FAC cases. This indicates that the main FACs were flowing into the ionosphere in the dawn sector during the storm time. Comparing region-1 FACs at the altitude of ionosphere, we find the plasma sheet boundary layer FACs and region-1 FACs had the same polarity in the dawn sector. This observation was only in the dawn sector, and for the other sector, further observations are needed.
When the solar wind arrives at the magnetopause, some of the solar wind energy entering the dayside magnetosphere is directly transferred to the highlatitude ionospheres via FACs. The remainder is transferred to the magnetotail where it is intermediately stored in the form of kinetic and thermal plasma energy as well as magnetic field energy. Part of the energy stored in the magnetotail is transferred to the auroral ionosphere via particle precipitation and FACs. [19] Our results on the relationship between FACs and solar wind conditions are important for understanding solar wind energy transfer to the magnetosphere and ionosphere.
On the other hand, we can understand our result. When the solar wind pressure is particularly strong the magnetopause can be compressed and the disturbances can be stimulated in the whole of the magnetosphere, and the FAC disturbances will also be stimulated in the PSBLs. Thus, the solar wind dynamic pressure would directly influence the FAC disturbances at PSBL in magnetotail. Figure 3 also shows that the PSBL FAC project to ∼55 ∘ to 78 ∘ invariant latitude. From the sudden commencement to the main phase, the invariant latitude of PSBL FAC coverage extended to 10 ∘ and the lowest latitude being 55 ∘ invariant latitude. However, the latitudinal width of the region-1 current is rather small (about 5 ∘ ) in the nightside when geomagnetism is quiet, it maps to a spatially vast region in the upper and lower boundary of the plasma sheet in magnetotail.
[3] Therefore, our result reveals that the FACs expand equatorward during the storm time.
In summary, we have studied the properties of FACs at PSBL in the magnetotail and their response to interplanetary conditions during the storm time of 17 August 2010. The FACs observed by the Cluster crossing at the PSBL occurred during 0000:02-1657:34UT covering the sudden commencement and the main phase of the storm time. The main results include the following: for the first time, it is revealed by direct observation that the FAC density at the PSBL in the magnetotail is controlled mainly by solar wind dynamic pressure rather than IMF . The FAC at 099401-3 the PSBL is associated with the low-altitude region-1 current and has the same polarity as the region-1 current in the dawn sector in the storm time. The invariant latitude of PSBL FAC coverage extended to 10 ∘ and the lowest latitude being 55 ∘ invariant latitude revealed that the FACs expand equatorward in storm time. We also find a strong FAC density exceeding 40 nA·m −2 , which is concerned with a substorm.
